The slippers behavior in swashplate-type axial piston motors was measured by the test rig. The operating conditions were supply pressure of up to 35 MPa and rotational speeds of 0-26.7 s −1 . A petroleum-type hydraulic oil with a viscosity grade of 46 was used as the test fluid, and the temperature was maintained at value between 30 and 60 ºC. The experiment examined the influences of supply pressure, rotational speed and oil temperature. The displacement between a slipper and a rotational disk, tilt angle, azimuth angle of a slipper and frictional torque are reported. As the supply pressure increased, the clearance between the slipper and the disk, the slipper tilt angle and the slipper azimuth angle decreased, and the frictional torque increased. As the rotational speed increased, the displacement and the slipper tilt angle increased. As the oil temperature increased, the displacement decreased and the slipper tilt angle increased. 
INTRODUCTION
Hydraulic fluid power systems are used in construction machinery, automobiles, fabrication machinery and other industrial equipment, because of their high energy density, responsiveness, and the good method of transmitting large amount of power. Gear type, vane type, screw type, and piston type pumps and motors are used as pressure sources and actuators in fluid power systems. One of these, the swashplate-type axial piston pump or motor has a variable volume mechanism, and is widely used because of its small size. Figure 1 shows the structure of a swashplate-type axial piston pump. There has been demand for higher efficiency and reliability in pressure sources and actuators, and swashplate-type axial piston pumps and motors are no exception. Static pressure bearing mechanisms have been mounted on parts to support the fluctuating high loads that occur during the operation of these pumps and motors. The slippers that support the relative sliding motion between the pistons and the swash plate are extremely important components, as they have a significant affect on mechanical function. Many reports on research into slippers have been published. Kazama [1] Figure 2 is a schematic view of the test rig for slippers in swashplate-type axial piston pumps and motors [9] . The device was mounted in an oil chamber with a rotational disk and two cylinders. Two piston assemblies were mounted inside the cylinders. One of the piston assemblies was used to measure behavior, and the other was included to balance the load on the rotational disk. The chamber was filled with an ISO viscosity grade 46 (density: 862 kg/m 3 @ 15 ºC, kinematic viscosity: 48.85/7.67 mm 2 /s @ 40/100 ºC). The oil temperature was monitored by a thermocouple in the chamber and the oil was heated with two heaters (input power: 2 kW). The rotational disk was rotated by a servo motor (rated output: 4.4 kW, rated torque: 28.4 N•m, maximum speed: 50 s −1 ). The rotational disk was set to zero tilt, perpendicular to the cylinders. A torque sensor (rated torque: 100 N•m, hysteresis: ±0.3%) was attached to the shaft. Figure 3 shows the hydraulic circuit. The oil flow rate to the cylinders was measured with a gear type flow meter (range: 0.083-16 ml/s, maximum pressure capacity: 62 MPa). A pressure sensor (maximum range: 50 MPa, non-linearity: 0.3% RO) was placed upstream of the flow meter, the measured value was feedback to the servo valve to control the pressure. A piston pump (maximum pressure: 72 MPa, flow rate at maximum pressure: 8.3 ml/s) was used as the pressure source. Figure 4 shows how the displacement meters were placed. Six contact sensors (range: ±0.5 mm, resolution: 0.1 µm) were used, three inner sensors for displacements of the slipper, and three outer sensors for the rotational disk. The sensors on the inner and outer sides were placed in pairs. The differences between the two sensors in each pair enabled us to calculate the changes in displacements between the slipper and the rotational disk. As displacement values were obtained at three points, their values enabled us to estimate the displacement h at the center of the slipper, the tilt angle α, and the azimuth angle φ. The experiment was conducted as follows. Test piston assemblies were placed in the cylinders. The chamber was filled with test oil and the chamber was purged of air. The test oil in the chamber was heated to the test temperature. The cylinders were pressurized at 1 MPa and the displacement meters were zeroed. The rotational disk was driven at a constant rotational speed. The supply pressure was increased from 5 MPa to 35 MPa in 5 MPa increments and then lowered. The pressure changes were accomplished in 5 seconds, and 20 seconds were allowed for the pressure to stabilize. The supply pressure, flow rate, frictional torque and slipper displacement were recorded on a PC. The increase and decrease in pressure were carried out twice, and the data taken during the second cycle were used as a basis for comparison. The rotational speed of the disk was controlled by feeding back the signals of a tachometer to the electric servomotor to maintain a constant rotational speed under operating conditions ranging from low and high load. The experimental conditions were as follows. The rotation rate N was 0, 3.33, 6.67, 10.0, 13.3, 16.6, 20.0 and 26.7 s -1 , and the operating temperature t c for the hydraulic fluid was 30, 40, 50 and 60ºC. The diameter of the piston used was 25 mm, and the static pressure balance ratio η of the slipper found in the following expression was 0.03. Figure 5 illustrates the process for calculating the center displacement using the measured displacement data. Figure 5 (a) shows all the sampling data for the slipper and the rotational disk. Figure 5 (b) shows the values obtained by dividing the displacements of the slippers and the rotational disk by the corresponding data. These are the dimensions of the displacement between the slipper and the rotational disk in three positions. Figure 5 (c) shows the center displacement calculated as the mean of the displacements in the three directions. Figure 6 shows the influence of supply pressure p s and rotational speed N on the center displacement as the oil temperature t c = 30 ºC. As the supply pressure p s increased, the displacement h decreased. As the rotational speed N = 0 s -1 , the center displacement h was negative because high pressure caused the slipper deformation. The displacement h was large at low oil temperatures, due to the contribution of the hydrodynamic effect based on oil viscosity; the viscosity was higher at lower oil temperature. The center displacement h increased with rotational speed N, because a hydrodynamic (wedge) effect is obtained as a result of the rotation of the rotational disk. The force of the piston assemblies pushing the slippers to the rotating disk at higher supply pressure was larger than that at lower; hence, the slipper was compressed onto the disk and the displacement became smaller. As supply pressure p s increased, the displacement h tended to decrease the effect by rotational speed N. Figure 9 and 10 show the effects of rotational speed N and supply pressure p s on tilt angle α under low (t c = 30 ºC) and high (t c = 60 ºC) oil temperatures, respectively. As the supply pressure p s increased, the tilt angle α became small, indicating that the pad inclination was suppressed by the acting load. As the rotational speed N increased, the tilt angle α became large, owing to the hydrodynamic effect. This trend was a remarkable at high oil temperature. As the supply pressure p s increased, the azimuth angle φ was rather decreased, and vice versa. Figure 13 and 14 show the effects of rotational speed N and supply pressure p s on the frictional torque T under low (t c = 30 ºC) and high (t c = 60 ºC) oil temperatures, respectively. As the supply pressure ps increased, the frictional torque increased. At the low oil temperature, the frictional torque T tended to be lower depending on the rotational speed N; on the other, at the high oil temperature, this trend was not. At fast and high oil temperature condition, the high torque was estimated caused by the low displacement due to the lower viscosity.
APPARATUS AND PROCEDURE

RESULTS
CONCLUSIONS
The behavior of the slippers used in swashplate-type piston motors was measured in a slipper test rig. The experiment was carried out under the conditions of a maximum supply pressure of 35 MPa and a maximum rotational speed of 26.6 s −1 . The following results were obtained. i) As the supply pressure increased, the displacement between the slippers and the disk, the slipper tilt angle and the slipper azimuth angle decreased, and the frictional torque increased. ii) As the rotational speed increased, the displacement and the tilt angle increased. iii) As the oil temperature increases, the displacement decreased and the tilt angle increased.
